Size-controlled Pb-based glass frits ranged from 0.48 to 1¯m prepared by spray pyrolysis are used as an inorganic binder for Al electrodes. The Al electrodes formed from the pastes with the glass frits above 0.76¯m have uniform distribution of glass material inside and on the surface of the electrodes. Pb-based glass frits improve the formation of AlSi alloys by liquid phase sintering. The Al electrodes have well developed back-surface field layers and low specific resistances irrespective of the mean sizes of the glass frits. The specific resistances of the electrodes change from 28.4 to 38.6¯³·cm according to the mean sizes of the glass frits at a heat-up rate of 800°C. The specific resistances of the electrodes are slightly affected by the heat-up rates.
Introduction
Thick Al films are widely used as backside contacts in singlecrystalline and polycrystalline Si solar cells. Al electrodes are commonly formed by firing a screen-printed layer using Al paste containing Al powder, glass frits, and a resin binder.
1)5)
Al powders prepared by atomization process are mainly used as the main component of Al paste. The Al powders are easily oxidized under air atmosphere. Therefore, the Al powders covered with dielectric oxide layer are used in solar cells. At the firing process of Al electrode at high temperatures, the aluminium melt and can go through the oxide that covers the powders. The melted aluminium reaches the silicon surface, and silicon is solved following the phase diagram of the SiAl alloy. Glass frits improve the adhesion properties of Al electrode to the Si wafer. Glass frits also improve the formation of AlSi alloys by liquid phase sintering as well as the electrical property of Al electrode by destroying the dielectric oxide layer of the Al powders during firing process.
2) The formation of AlSi alloys improves the formation of back-surface field (BSF) layer, which reduces back-surface recombination and enhances efficiency. 3) Pb-based glass frit having a softening point of 400 to 600°C has been used as an inorganic binder. Glass frits formed by the conventional melting process having irregular morphology and large size are commercially used in Si solar cell industries. 5)7) In previous studies, the preparation of spherical glass frits with fine size by spray pyrolysis has been investigated. 8) 14) The impact of the fine Al particle content in the Al paste on the alloying process in relation to solar cell performance was investigated. 15) A lack of fine Al powders in the Al paste resulted in low efficiency of Si solar cell. The mean size of glass frits will also affect the formation of the Al electrode.
In this study, the mean sizes of Pb-based glass frits with spherical shape are controlled from 0.48 to 1¯m by changing the concentration of spray solution in the spray pyrolysis. The effect of mean size of the glass frits on the formation of BSF layers and the electrical properties of the Al electrode is investigated.
Experimental procedure
PbO (80 wt %)SiO 2 B 2 O 3 ZnO glass frits were directly prepared by spray pyrolysis. Spray pyrolysis consisted of six ultrasonic spray generators operated at 1.7 MHz, a 1,000 mmlong tubular alumina reactor of 50 mm ID, and a bag filter. The preparation temperature of the glass frits was fixed at 1100°C. The carrier gas flow rate was fixed at 20 L min ¹1 . Spray solutions were obtained by adding Pb(NO 3 ) 2 (Kanto, 99%), tetraethyl orthosilicate (TEOS, Aldrich, 98%), H 3 BO 3 (Kanto, 99.5%), and ZnO (Kanto, 99%) to distilled water containing an appropriate amount of nitric acid. The total concentration of the metal components in spray solution was changed from 0.08 to 1 M.
The Al powders and glass frits were mixed with an organic vehicle of ethyl cellulose, ¡-terpineol, and butyl carbitol acetate (BCA). Commercial Al powders of 8.3¯m mean diameter prepared by gas atomization were used. Al paste was screenprinted on to a single-crystalline Si wafer. The printed Si wafer was dried at 120°C for 30 min and fired at a temperature of 800°C at various heating rate.
The crystal structures of the prepared glass frits were investigated by X-ray diffraction (XRD, RIGAKU, D/MAX-RB) with Cu K¡ radiation ( = 1.5418 ¡). The morphological characteristics of the glass frits and the fired Al electrodes were investigated by scanning electron microscopy (SEM, JEOL, JSM-6060). Specific resistances of the Al electrodes were measured by a four-point probe (CMT-SR 1000N, Advanced Instrument Technology).
Results and discussion
The morphologies of the glass frits were strongly affected by the preparation temperatures in the spray pyrolysis. 9),11) Nanosized glass frits were formed from the evaporated vapors by chemical vapor deposition process at high preparation temper-atures. On the other hand, the hollow glass frits were formed by incomplete melting at low preparation temperatures. The morphologies of the glass frits prepared from the spray solutions with various concentrations are shown in Fig. 1 . Evaporation of the glass components was not observed inside the hot wall reactor maintained at 1100°C. One glass particle with spherical shape was formed from one droplet with several microns size by complete melting and quenching process. Therefore, the mean size of the glass frits increased with increasing the concentration of the spray solution.
10) Figure 2 shows the size distributions of the glass frits prepared from the spray solutions of 0.08 and 1 M.
The mean size and geometric standard deviation of the frits prepared from the spray solution of 0.08 M was 0.48¯m and 1.49, respectively. However, the mean size and geometric standard deviation of the frits prepared from the spray solution of 1 M was 1¯m and 1.50, respectively. The mean sizes of the glass frits prepared from the spray solutions with various concentrations are summarized in Table 2 . Figure 3 shows the XRD patterns of the frits prepared from the spray solutions with various concentrations. The frits showed broad peaks at ca. 28°, characteristic of glasses, irrespective of the concentration of the spray solution. JCS-Japan Figure 4 shows the EDX spectra of the glass frits. The compositions of the glass frits measured from the EDX spectra are shown in Table 1 . Evaporation of glass component did not occur inside the hot wall reactor. Therefore, the glass frits had similar composition to the spray solution irrespective of the concentration of the spray solution.
The characteristics of glass frits with various mean sizes as an inorganic binder for Al electrode were investigated. Figures 5  and 6 show the SEM images and the results of dot mapping of the Al electrodes fired at 800°C. The glass content was 3 wt % of the Al component. Aluminum has a low melting temperature of 660°C. However, the Al powders used in this study has oxide coating layer by oxidation of powders in air atmosphere. Therefore, spherical shape of the Al powders is maintained at a firing temperature of 800°C. The results of dot mapping show the distributions of Si component inside and on the surface of the Al electrode. The Al electrode formed from the paste with the smallest glass frits of 0.48¯m had non uniform distribution of glass material on the surface of the Al electrode as shown by arrows in Fig. 5(a) . On the other hand, the Al electrodes formed from the pastes with the glass frits above 0.76¯m had uniform distribution of glass material inside and on the surface of the electrodes. The Al electrodes as shown in Fig. 6 had good adhesion properties to the Si substrate irrespective of the mean size of the glass frits. Adhesion strength of the Al electrode was evaluated using a tape test, where Scotch Tape was used to peel the deposited Al electrode off the substrate. Figure 7 shows the SEM images of the Al electrodes formed from the Al pastes without and with glass frit after tape test. The glass material with low melting temperature improved the adhesion strength of the Al electrode to the Si substrate. Figure 8 shows SEM image of the etched cross-sections of the Al electrodes fired at 800°C. The BSF layer formed by AlSi alloying was wet-chemically etched using HF solution. The thicknesses of the BSF layers as shown in Figs. 8(a) and 8(c) were 8.8 and 10¯m. Pb-based glass frits improved the formation of AlSi alloys by liquid phase sintering. Therefore, the electrodes with the frits had well developed BSF layers. The formation of BSF layer could be controlled by changing the heatup and cool-down rate in the alloying process. Figure 9 shows the BSF layers of the Al electrodes fired at various heat-up rates.
The Al electrodes had well developed BSF layers irrespective of heat-up rate.
The effect of Pb-based glass frits with various mean sizes on the specific resistances of the Al electrodes is shown in Table 2 . The Al electrodes were fired at 800°C at various heat-up rates. The specific resistances of the electrodes changed from 28.4 to 38.6¯³·cm according to the mean sizes of the glass frits at a heat-up rate of 800°C/s. The specific resistances of the electrodes were also slightly affected by the heat-up rates.
Conclusions
The effect of mean size of the glass frits on the formation of BSF layers and the electrical properties of the Al electrode was investigated. One glass particle was formed from one droplet by melting and quenching process irrespective of the concentration Journal of the Ceramic Society of Japan 119 [12] 954-960 2011 of the spray solution. Therefore, the mean size of the glass frits increased with increasing the concentration of the spray solution. The Al electrodes with glass frits had well developed BSF layers with uniform thickness and low specific resistances at various heat-up rates. The glass frits prepared by spray pyrolysis had good characteristics as the inorganic binder for Al electrode.
